Transcription factors (TFs) play vital roles in various biological processes by binding to cis-acting elements to control expressions of their target genes. The MYB TF BplMYB46, from Betula platyphylla, is involved in abiotic stress responses and secondary wall deposition. In the present study, we used a TF-centered yeast one-hybrid technology (TF-centered Y1H) to identify the cis-acting elements bound by BplMYB46.
INTRODUCTION
In plants, adaptation to diverse environments involves complex and dynamic physiological, molecular, and biochemical changes that require modulation of the expression of multiple genes (Su et al. 2014) . Identification of the cis-acting elements, bound by specific transcription factors, can reveal the transcriptional regulatory mechanisms and gene expression patterns involved in environmental adaptation, and further improve our understanding of the functions of transcription factors (TFs) in plants.
Ongoing studies have identified the targets of many TFs and characterized the pathways they affect. For instance, the TF BhWRKY1, from B. hygrometrica, participates in the resistance to dehydration by binding to the W-box of the galactinol synthase promoter (Wang et al. 2009 ). Many bZIP and MYB TFs function in the Acce pt e d
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3 regulation of auxin-regulated genes, via binding to the bZIP or MYB response elements (Berendzen et al. 2012) . In rice (Oryza sativa), OsNAC2 negatively regulates plant height and flowering time, via binding to the promoters of OsEATB and OsKO2, which encode proteins that repress gibberellin biosynthesis in rice (Chen et al. 2015) .
In Arabidopsis thaliana, the octadecanoid-responsive AP2/ERF-domain TF 47 plays a role in the biosynthesis of jasmonic acid and abscisic acid, via binding to the (NC/GT)CGNCCA cis-element in the promoter of abscisic acid insensitive 2 (Chen et al. 2016 ). In addition, ThERF1 from the halophyte Tamarix hispida regulates its target genes by binding to GCC-box, DRE, and TTG motifs in response to salt stress (Wang et al. 2015) . By contrast, ThbHLH1 in T. hispida regulates expression of target genes, involved in stress tolerance, by binding to the G-box (CACGTG) (Ji et al. 2016) .
Although the molecular mechanisms of some plant TFs involved in the regulation of stress responses, growth, and development of have been characterized, the interactions among these genes remain unclear, and the regulatory network of gene expression, in plants, remains to be fully elucidated. Therefore, the interaction between upstream TFs and their target cis-acting elements needs further study.
In plants, the MYB proteins constitute a large TF family that have diverse functions in growth and development, as well as responses to environmental stresses. These MYB family members regulate anthocyanin biosynthesis (Dubos et al. 2008) , participate in the auxin response pathway (Shin et al. 2007) , promote hypocotyl elongation (Kwon et al. 2013) , increase the tolerance to drought and salt stresses (Xiong et al. 2014) , and affect secondary wall biosynthesis (McCarthy et al. 2009; Yoon et al. 2015) .
Among the cis-elements, previous research has demonstrated that the MYBCORE and AC-box motifs are crucial for the regulatory function of MYB TFs. For instance, rice OsC1-MYB enhances tolerance to dehydration, high salt, and ABA, via binding to the MYBCORE motif (C(G/A)GTT(G/A)) in the flavonoid biosynthesis gene OsDfr, which is related to drought stress responses (Ithal and Reddy 2004) . In Arabidopsis, AtMYB46 and AtMYB83 promote secondary wall biosynthesis, by binding to the ACbox (ACC(A/T)A(A/C)(T/C)) in the promoters of downstream TFs (Zhong and Ye 2012) .
RESULTS

Identification of DNA motifs recognized by BplMYB46
To identify the DNA motifs recognized by BplMYB46, we carried out TF-centered Y1H by constructing a short-insert library of random DNA sequences and screening it with an effector construct containing the BplMYB46 full-length open reading frame.
Five positive clones were identified that could grow on the selective synthetic defined medium SD/-His/-Leu/-Trp (TDO) with 3-amino-1, 2, 4-triazole (3-AT, 30 mM). These clones were further selected on high-stringency TDO medium/3-AT (50 mM), with three displaying high binding affinities to BplMYB46.
To identify the BplMYB46 binding motifs, we then sequenced the inserts of these positive clones. Since the two flanking sequences of the insertion might also be part of the cis-acting element (motif) recognized by the TF, two bases of each flanking sequence, together with the insertion sequence, were used for further analysis. The insertion DNA sequences were analyzed by PLACE and PlantCARE, as shown in Table   1 . The short DNA sequence "CCAAATGAGCGG" (the underlined bases referred to the two flanking sequences from pHIS2) contained the E-box element "CAAATG". The other insertion sequences "CCTGTCGCCCGG" and "CCAGTAGTTCGG" did not match any known motif, and represent candidate novel DNA motifs bound by MYB that have not been identified previously.
Core sequence analysis of the two novel motifs bound by BplMYB46
Y1H assays were used to determine the core sequence of the two novel motifs ( Figure   1 ). On TDO medium with 50 mM 3-AT, cells containing the reporter construct with the element having the third DNA base (T) missing from the left border of novel motif 1 (CCTGTCGCCCGG) could not grow, indicating that BplMYB46 bound to the sequence "TGTCGCCCGG", but not to "GTCGCCCGG". Moreover, cells with the reporter lacking the fifth DNA base (C) from the right border did not grow, suggesting that BplMYB46 can bind to the sequence "CCTGTCGC", but not to "CCTGTCG" ( Figure 1B ). These observations demonstrated that the third DNA base (T) from the left border and the fifth DNA base (C) from the right border of novel motif 1 are essential for binding by BplMYB46. Therefore, we named the core sequence "TGTCGC" of novel motif 1 the TC-box.
Similarly, BplMYB46 could bind to the sequence "AGTAGTTCGG", but failed to bind to "GTAGTTCGG" (Figure 1C ), illustrating that the third DNA base (A) from the left border of novel motif 2 (CCAGTAGTTCGG) was essential. In addition, BplMYB46 bound to the sequence "CCAGTAGTTC" but not "CCAGTAGTT", suggesting that the third DNA base (C) from the right border of novel motif 2 was mandatory for binding by BplMYB46. These observations demonstrated that the core sequence of this motif was "AGTAGTTC", and we named it the GT-box.
Specificity analysis of the three motifs bound by BplMYB46
To define the specificity of the two novel motifs, bound by BplMYB46, we made single-base mutations for each DNA base in the core sequences of the TC-box and GCbox motifs, and tested BplMYB46 binding using the Y1H method. Each DNA base was substituted, individually, by the other three bases to generate a total of 18 and 24 different combinations for the TC-box and GT-box, respectively. The constructs with a substitution of the second (G) with an "A", or the sixth (C) with a "G", retained the same binding efficiency, as shown by growth on TDO medium with 50 mM 3-AT, when compared with the original TC-box sequence. Conversely, the other base substitutions resulted in the absence of growth on TDO medium with 50 mM 3-AT, demonstrating that the consensus TC-box sequence for BplMYB46 binding was "T(G/A)TCG(C/G)" (Figure 2A ).
For the GT-box, the substitutions of the second (G) with a "T", the fourth (A) with a "C", and the seventh (T) with a "G", retained a similar efficiency as the original GTbox sequence. Conversely, the other base substitutions resulted in no growth on the TDO medium with 50 mM 3-AT, revealing that the consensus GT-box sequence for Figure 2B ).
BplMYB46 binding was "A(G/T)T(A/C)GT(T/G)C" (
The CAAATG of the "CCAAATGAGCGG" sequence bound by BplMYB46 in the Y1H assay (Table 1) was annotated as the E-box, which has a canonical sequence of CANNTG (N: A/T/C/G). To determine the binding specificity of BplMYB46 to different E-box sequences, the third and fourth DNA bases in "CAAATG" were replaced with "T/C/G", and the resulting constructs were assessed by Y1H assay. The results indicated that the substitutions of the third (A) with "T" or "C" and the fourth (A) with "G" or "C", retained the same efficiency as the original "CAAATG" sequence ( Figure 3) . Thus, the consensus sequence for BplMYB46 binding was determined to be "CA(A/T/C)(A/G/C)TG", a traditional E-box sequence.
To further confirm the relevance of BplMYB46 binding to different motifs, three tandem copies of E-box, GT-box, and TC-box, with their corresponding mutants, were ligated into pCAMBIA-1301 and used as effectors, with pROKII-BplMYB46 as the reporter ( Figure 4A ). The effectors with reporters were co-transformed into tobacco leaves and analyzed for GUS activity and staining. Firefly luciferase (LUC) was used as the control for normalization of the transformation efficiency. The GUS/LUC activity ratios of BplMYB46 with the E-box, GT-box, and TC-box were significantly higher than with the corresponding mutated forms (>10-fold) ( Figure 4B ). In accordance, the GUS staining was much stronger for binding of BplMYB46 to the E-box, GT-box, and TC-box motifs, as compared to the mutants, further demonstrating that BplMYB46 can bind to the E-box, GT-box, and TC-box motifs.
Interaction between BplMYB46 and promoters containing the E-box, GT-box, and TC-box elements
Our previous study demonstrated that BplMYB46 could regulate the expression of PAL, POD and SOD, which are associated with resistance to stress and with secondary wall biosynthesis in plants. Therefore, we speculated that BplMYB46 might bind to the promoters of these genes. Indeed, we detectedE-box, GT-box, and TC-box motifs in the PAL, POD, and SOD promoter regions, prompting us to evaluate the specific interaction between BplMYB46 and these motifs in these three genes.
To test for this interaction, the truncated promoter regions containing only one kind of the E-box, GT-box, or TC-box, and truncated promoters lacking these three compared to the positive control input and the negative control (ChIP-) ( Figure 7B ).
ChIP-qPCR showed that the promoter regions of PAL, POD, and SOD, including the E-box, GT-box, and TC-box motifs, were significantly enriched in ChIP+, as compared to ChIP-( Figure 7C ). These results demonstrated that BplMYB46 could regulate the expression of PAL, POD, and SOD genes by binding to the E-box, GT-box, and TC-box motifs.
In vivo analysis of E-box, GT-box, and TC-box in response to abiotic stress
To analyze the roles of the E-box, GT-box, and TC-box elements in the response to stress, we co-transformed the effector vector 35S::BplMYB46 and different reporters into tobacco and subjected leaves to salt or osmotic stress (200 mM NaCl for salt stress or 200 mM mannitol for osmotic stress). Transgenic tobacco leaves were collected, at different time points, and the GUS/LUC activity ratio of constructs containing the Ebox, GT-box, and TC-box were determined (Figure 8 ).
The GUS/LUC activity ratios of E-box constructs, at different treatment times, did not differ from controls as a result of salt or osmotic treatment ( Figure 8A ). However, the GUS/LUC activity ratios of constructs with the GT-box and TC-box were enhanced significantly by salt or osmotic treatment, as compared to the control. Specifically, the GUS/LUC activity ratios of the GT-box reached a peak at 3 h of salt treatment and at 6 h of osmotic treatment ( Figure 8B ). The GUS/LUC activity ratios of TC-box constructs were maximal at 1 h after salt treatment, and 0.5 h after osmotic treatment ( Figure 8C ).
Our results suggested that GT-box and TC-box respond to abiotic stress in vivo, but the E-box does not. PtrMYB2/3/20/21 can bind to SMRE sites "ACC(A/T)A(A/C)(T/C)" and activate secondary wall biosynthesis (Zhong et al. 2013 ).
DISCUSSION
Our previous study indicated that BplMYB46, which belongs to the R2R3-MYB subfamily, can regulate the tolerance to abiotic stress and secondary wall biosynthesis, via interacting with the MYBCORE and AC-box (Guo et al. 2017) . In the present study, we identified novel motifs bound by BplMYB46; these will provide further insight into the molecular mechanism underlying transcriptional control by BplMYB46.
The TF-centered Y1H (protein-to-DNA) method based on the Y1H system (Ji et al. 2014a ) allowed us to screen for new motifs bound by BplMYB46. This system does not require a specific antibody against the protein of interest, nor does it use genomic methods, such as microarrays or high-throughput sequencing or removal of nonbinding sequences by affinity chromatography. In the current study, we constructed a random insertion library with short DNA sequences and used this library to identify novel motifs bound by BplMYB46. In addition to the MYBCORE and AC-box, BplMYB46 also bound to a known motif, the E-box (Figure 3 ) and two novel motifs (the GT-box and TC-box) (Figure 1 and 2) . Moreover, to confirm the regulation of gene expression by BplMYB46 binding to E-box, GT-box and TC-box elements, truncated promoters of stress-tolerance genes and secondary cell wall-specific genes were used, with or without these motifs, in GUS assays. The results showed that BplMYB46 could activate GUS expression by binding to the E-box, GT-box, or TC-box motifs in tobacco (Figure 4 , 5, and 6). ChIP assays further confirmed that BplMYB46 binding to E-box, GT-box, or TC-box motifs occurred in birch (Figure 7 ).
Our previous study indicated that BplMYB46 enhances abiotic stress tolerance in birch, via increasing scavenging of reactive oxygen species (ROS) and regulating expression of SOD and POD, which encode key ROS-scavenging enzymes. The activities of SOD and POD differed significantly in BplMYB46 transgenic plants when exposed to NaCl or mannitol. The BplMYB46-overexpressing plants displayed significantly higher SOD and POD activities than control plants, and the BplMYB46-silenced plants exhibited significantly lower POD and SOD activities than control plants (Guo et al. 2017 ).
In the present study, these two stress-related genes, POD and SOD, were further employed for investigation of their binding and regulation by BplMYB46. We identified TC-box and GT-box motifs located in the promoters of SOD and POD, respectively ( Figure 5A ). The Y1H assay and GUS activities indicated that BplMYB46 could bind to the TC-box or GT-box ( Figures 5B, 6B) . Together with our previous study (Guo et al. 2017) , our results suggest that BplMYB46 can enhance ROS scavenging by regulating the expression of SOD and POD, via an interaction with the TC-box and GTbox motifs in their promoters.
The relative GUS activities of constructs containing TC-box and GT-box elements were significantly higher under salt and osmotic treatment than under control conditions (Figure 8 ). This pattern suggests that, in plants, the TC-box and GT-box motifs are associated with stress tolerance, thereby further clarifying the potential transcriptional mechanism of BplMYB46 underlying resistance to adverse environmental conditions. The E-box recognized by R2R3-MYB, bZIP, and BHLH factors has been deemed a cis-element associated with the response to light and the phenylpropanoid biosynthesis pathway (Hartmann et al. 2005) . Phenylalanine ammonia lyase (PAL) is a key enzyme in lignin biosynthesis (Zhang et al. 2013) . Interestingly, our current results
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(http://www.dna.affrc.go.jp/PLACE/, which is not available now) and PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) to identify known and unknown motifs.
Core sequence determination and base mutation analysis of the motifs
Based on the motifs identified above, DNA bases were deleted from the left or right flanking regions to confirm the core sequences of the two novel motifs.
Oligonucleotides containing triple tandem repeats of the DNA sequences were inserted into the pHIS2 vector to generate reporter vectors. Briefly, pHIS2 was cleaved with EcoR I and Sac I to generate cohesive ends, and the forward and reverse oligonucleotides containing three tandem repeats of the motif were annealed to generate identical cohesive ends, followed by ligation with pHIS2. The BplMYB46 ORF was ligated into the pGADT7-Rec2 vector as an effector. To further investigate the base specificity of the three motifs bound by BplMYB46, tandem repeats of DNA sequences of the two novel motifs and the E-box motif, with mutations in the core sequences, were inserted into the pHIS2 vector. The reporters and the effector were co-transformed into Y187 cells.
To further investigate the base specificity of the three motifs bound by BplMYB46, tandem repeats of DNA sequences of the two novel motifs and the E-box motif with mutations in the core sequences were inserted into the pHIS2 vector. The primers are listed in Tables S3 and S4 .
Binding analysis of BplMYB46 to target gene promoters
Interactions of BplMYB46 with the specific motifs on the promoters of the target genes, including SOD, POD, and PAL, were investigated by Y1H. The pHIS2 vector harboring the truncated promoter regions of the genes with additional copies of the TC-box, GTbox, or E-box motifs (termed pHIS2-TC-boxp + , pHIS2-GT-boxp + , and pHIS2-E-boxp + , respectively) and the truncated promoter regions of the genes lacking the TC-box, GTbox, or E-box motifs (termed pHIS2-TC-boxp The primers are listed in Table S8 . Table S1 . Distribution of motifs in the promoters of genes regulated by BplMYB46 Table S2 . Primer sequences used for the construction of random cis-acting elements library and the effector of pGADT7-Rec2-BplMYB46 Table S3 . Primer sequences used in reporter constructs of deletions of pHIS2-novel elements Table S4 . Primer sequences used in reporter constructs of mutations of the three elements Table S5 . Primer sequences used in the Y1H assay Table S6 . Primer sequences used in the reporter constructs analyzed in tobacco plants Table S7 . Primer sequences used in the reporter constructs to verify the results of the Y1H assay Table S8 . Primers sequences used in the ChIP-PCR analysis Analysis of specific bindings of the BplMYB46 to E-box using Y1H assay. Right panel shows the sequences of E-box and respective substitutions. Positive control: pGADT7-p53/p53HIS2; negative control: pGADT7-BplMYB46/p53HIS2. 
